LC-TH-2003-089 IFT-15-2003

Identifying an SM-like Higgs particle at future colliders

I. F. GINZBURG^1 , M. KRAWCZYK^2 AND P. OSLAND^3

1Sobolev Institute of Mathematics, SB RAS, 630090 Novosibirsk, Russia

2Institute of Theoretical Physics, Warsaw University, Poland

3Department of Physics, University of Bergen, Allegt. 55, N-5007 Bergen, Norway

Abstract It is possible that at the Tevatron, LHC and e^+e^− Linear Collider only one light Higgs boson will be found, with properties (basic couplings to W/Z and to fundamental fermions, mass, CP property) as expected in the Standard Model. This, SMlike scenario can be realized in a Two-Higgs-Doublet Model both with and without decoupling. Precise measurements of the Higgs boson coupling to gluons at the LHC and to photons at a Photon Collider allow to distinguish between the SM and various realizations of a SM-like scenario.

SM-like scenario. One of the great challenges at future colliders will be the SM-like scenario that no new particle will be discovered at the Tevatron, the LHC and electronpositron Linear Collider (LC) except the Higgs boson with partial decay widths, for the basic channels to fundamental fermions (up- and down-type) and vector bosons W/Z, as in the SM: | | |Γ^{expi} Γ^{SM}_i − 1 | | | = | | | ( g_i g^{SM}_i

)_2 − 1 | | | <∼ δ_i ≪ 1, where i = u, d, V. (1) New physics may still be seen via deviations of some observables from the SM predictions. The Higgs-boson loop couplings with photons or gluons are very promising for such studies. In the SM and in its extensions, all fundamental charged particles, with mass arising from a Higgs mechanism, contribute to the Higgs boson effective couplings with photons, and, similarly, all quarks contribute to the Higgs boson coupling to gluons. These couplings are absent in the SM at tree level, and therefore, the relevant background will be relatively low.

Results from the LHC and LC can be combined and thus facilitate in distinguishing models. We stress here in particular the role of the γγ mode of a linear collider (Photon Collider), where the expected accuracy of the measurement of the two-photon width for Higgs mass equal to 120 GeV is of the order of 2% [1] in comparison to the LHC and LC with the corresponding accuracy 15–20% [2, 3].

Here we assume that one neutral Higgs particle has been found at the LHC with all basic couplings, within the experimental accuracy, as expected in the SM. So, we have for relative couplings:

χ_i = g_i g^{SM}_i

, with χ^{obs}_i = ±(1 − ϵ_i), and |ϵ_i| ≤ δ_i for i = u, d, V. (2)

Additional constraints on these ϵ_i follow from the considered model.

We consider the Two-Higgs-Doublet Model (2HDM) with no or weak CP-violation, using the soft Z_2-violation potential as given by [4–7]. We introduce a parameter μ via the real part of the coefficient of the bilinear mixing term Re (m^2_{12}) = 2μ^2v_1v_2/v^2 [7]. For μ^2 ≫ |λ_i|v^2 the SM-like scenario with decoupling is realized. The SM-like scenario can also be realized for μ < v with non-decoupling, in particular for M_{H±} ≈ M_H ≈ 700 GeV, M_A ≈ 600 GeV and M_h=120 GeV, μ < 0.3 M_{H±}, with λ_i within perturbativity and even unitarity constraints. The Yukawa interactions are of Type II with the basic couplings constrained by (χ_u + χ_d)χ_V = 1 + χ_uχ_d (pattern relation [7]), valid for each neutral Higgs boson, even in the general CP-violating case.

The SM-like scenario corresponds to the observation of either h or H. We distinguish solutions A and B (see ref. [7] and table 1) for the realization of an SM-like scenario for the observed Higgs particle with mass 110 to 250 GeV. In solutions A all basic (relative) couplings are close to 1 or all are close to −1. Note that only solution A_{h+} is realized in the decoupling limit. In solutions B, one basic coupling, χ_u or χ_d, has opposite sign to the other two, and obviously one expects here larger deviations from the SM than for solutions A. One can see that the decay width h(H)Zγ is less sensitive to the discussed effects of 2HDM than the h(H)γγ one.^1

solution basic couplings |χ_{gg}|^2 |χ_{γγ} |^2 |χ_{Zγ} |^2 A_{h±}/A_{H−} χ_V ≈ χ_d ≈ χ_u ≈ ±1 1.00 0.90 0.96 B_{h±d}/B_{H−d} χ_V ≈ −χ_d ≈ χ_u ≈ ±1 1.28 0.87 0.96 B_{h±u} χ_V ≈ χ_d ≈ −χ_u ≈ ±1 1.28 2.28 1.21

Table 1: SM-like realizations in the 2HDM II [7], together with ratios of partial widths to their SM values for M_{h(H)} ≈ 120 GeV for the case |χ_i| = 1, M_H± =700 GeV and μ ≲ 0.3M_H± .

The two-gluon decay width. The two-gluon width will be measured at the LHC. This quantity is for solutions A practically equal to the SM prediction (see table 1).

In the SM the contributions of t and b quarks partly cancel, while for solutions B they add, giving larger deviations from the SM predictions. In Fig. 1 (left) the solid curve corresponds to the case χ_u = −χ_d = ±1 for all solutions B. The shaded bands reflecting 1 σ experimental uncertainties correspond to the B_{h+u} case only.

Figure 1: Ratios of the Higgs boson decay widths in the SM-like 2HDM II and the SM as functions of M_{h,H} for solutions B and A for M_H± =700 GeV and μ ≲ 0.3M^±_H .

1The process eγ → eh(H) with large transverse momentum of the scattered electron, has a sensitivity from the h(H)Zγ vertex, with Z far from the mass shell, similar to that of h(H) → γγ [8].

The two-photon decay width. For solutions A the widths h(H) → γγ and h(H) → Zγ will differ from the SM predictions due to the charged Higgs boson contribution, proportional to the trilinear coupling hH^+H^− (HH^+H^−), so we have: χ_H± ≡ − vg_{hH}+_H− 2M^2_{H±} = ( 1 − M^2_h 2M^2_{H±} ) χ_V +

M^2_h − μ^2 2M^2_{H±}

(χ_u + χ_d), (3)

and similarly for H. The value of χ_H± is close to χ_V ≈ ±1 (non-decoupling) at the considered small values of (M^2_h /2M^2_H± ) for solutions A and (μ^2/M^2_H± ) for solutions B.

For solutions B_{h±d} the main deviation from that of the SM is like for solution A given by the contribution of H^±. For the solution B_{h+u} the effect of the change of sign of the coupling htt̄ dominates.

The ratios of the two-photon Higgs widths to the SM value are shown in Fig. 1 (see also table 1) for solutions B (center) and A (right). The results are presented without (solid lines) and with realistic 1 σ uncertainties (shaded bands) around the SM values of the measured basic couplings [3].

Conclusion. We analyse, using realistic estimates of experimental uncertainties, the potential of future colliders to determine the nature of an SM-like Higgs boson, SM or 2HDM, for mass 110–250 GeV. It is crucial to combine precise measurements of loop couplings involving gluons at LHC and photons and photons at a Photon Collider, as only couplings to photons are sensitive to the decoupling property of the model.

References

[1] G. Jikia and S. Soldner-Rembold, Nucl. Phys. Proc. Suppl. 82 (2000) 373 [arXiv:hepph/9910366]; M. Melles, W. J. Stirling and V. A. Khoze, Phys. Rev. D 61 (2000) 054015 [arXiv:hep-ph/9907238]; P. Nieżurawski, A. F. Żarnecki and M. Krawczyk, hep-ph/0307183.

[2] See e.g., ATLAS detector and Physics Performance Technical Design Report, CERN- LHCC-99-14 and CERN-LHCC-99-15 (1999), G. L. Bayatian et al., CMS Technical Proposal, CERN-LHCC-94-38 (1994).

[3] J. A. Aguilar-Saavedra et al. [ECFA/DESY LC Physics Working Group Collaboration], “TESLA TDR Part III: Physics at an e+e- Linear Collider,” hep-ph/0106315.

[4] J. L. Diaz-Cruz and A. Mendez, Nucl. Phys. B380 (1992) 39,

J. L. Diaz-Cruz and G. Lopez Castro, Phys. Lett. B301 (1993) 405.

[5] H. E. Haber, hep-ph/9501320; J. F. Gunion and H. E. Haber, Phys. Rev. D 67, 075019 (2003) [hep-ph/0207010].

[6] G. C. Branco, L. Lavoura, J. P. Silva, “CP Violation” (Oxford Univ. Press, 1999)

[7] I. F. Ginzburg, M. Krawczyk and P. Osland, Linear Collider Note LC-TH-2001-026, in 2nd ECFA/DESY Study 1998–2001, 1705 [hep-ph/0101208]; Nucl. Instrum. Meth. A472 (2001) 149 [hep-ph/0101229]; hep-ph/0101331.

[8] I.F. Ginzburg, M.V. Vychugin. Phys. At. Nucl. 66 (2003) 5, [hep-ph/0201117]